The purpose of this chapter is to put the research of the Royal Military Academy (RMA) in mine action in a historical perspective by providing some background information. The vocabulary used in mine action and the landmine contamination problem are first presented. Formalisation of close-in detection and of area reduction is then proposed. An overview of the research projects, the involved partners and the objectives as well as the list of PhDs performed at RMA are then provided. The chapter ends with an overview of the book and their link with the cited projects.
Introduction
RMA has been involved in research for humanitarian demining since 1996. Since these early days, the field of mine action has evolved thanks to the interactions of the different organisations involved: international and national government agencies, Non-Governmental Organisations (NGO), commercial companies, universities and research centres, affected population and individuals involved in that cause. Scope, processes, standards and vocabulary, all defined by the United Nations in the International Mine Action Standards (IMAS) [1] , changed along this 20-year period; they are continuously reviewed. This is why having in mind the time frame in which RMA research activities took place is important. In particular, the focus in the early years was put on anti-personnel mines; the problem of Explosive Remnants of War (ERW) was then recognised as an important issue too.
In fact, when drafting a national law to organise mine action, each state may customise the IMAS to fit its environment and context, adapt them to the local threat and produces National Mine Action Standards so that, in practice, the mine action vocabulary does vary not only in time but also in space! Nevertheless, at the time of this writing in 2016, the mine action community usually agrees on a basic vocabulary; a selection of this vocabulary and the correspondence with the former terminology is provided in the next subsection.
Vocabulary in mine action
The terminology provided in this section is defined in Ref. [2] . Terms in italics are defined in the current section. Table 1 will help the reader linking former and today's terminology.
Mine action
"Activities which aim to reduce the social, economic and environment impact of mines and other Explosive Remnants of War (ERW) including cluster munitions". The activities are grouped in five "pillars":
1. Mine/ERW risk education.
2. Demining (survey, mapping, marking and clearance); note that demining is only a part of mine action.
3. Victim assistance. Table 1 . Current and old terminology in mine action.
Stockpile destruction.
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5. Advocacy against the use of anti-personnel mines and cluster munitions. Note that US do not recognise this as a pillar, since they promote (at least until now) the use of nonpersistent mines.
In order to support these five pillars, the United Nations recognises the following necessary activities:
1. Assessment and planning.
2. Mobilisation and prioritisation of resources.
3. Information management.
4.
Human skills development and management training.
5. Quality management.
6. Application of effective, appropriate and safe equipment.
Land release
Land release describes the process of applying all reasonable efforts to identify, define and remove all presence and suspicion of mines/ERW through non-technical survey (NTS), technical survey (TS) and/or clearance. The process is detailed in Section 2.11 and in Figure 1 .
Non-technical survey (NTS)
Non-technical survey includes the collection and analysis of data, without the use of technical interventions, about the presence, type, distribution and surrounding environment of mine/ ERW contamination, in order to define better where mine/ERW contamination is present, and where it is not, and to support land-release prioritisation and decision-making processes through the provision of evidence. Land release process (adapted from Ref. [5] ).
Research at RMA in the Evolving Context of Mine Action http://dx.doi.org/10.5772/66710
Technical survey (TS)
Technical survey includes the collection and analysis of data, using appropriate technical interventions, about the presence, type, distribution and surrounding environment of mine/ ERW contamination, in order to define better where mine/ERW contamination is present and where it is not, and to support land-release prioritisation and decision-making processes through the provision of evidence.
Clearance
Clearance includes activity to insure the removal and/or the destruction of all mine and ERW hazards from a specified area to a specified depth.
Explosive remnants of war (ERW)
Explosive remnants of war refer to ordnance left behind after a conflict. They are made of unexploded ordnance (UXO) and abandoned ordnance (AXO).
Suspected hazardous area (SHA)
Suspected hazardous area (SHA) is an area where there is reasonable suspicion of mine/ERW contamination on the basis of indirect evidence of the presence of mines/ERW.
Confirmed hazardous Area (CHA)
Confirmed hazardous area (CHA) is an area where the presence of mine/ERW contamination has been confirmed on the basis of direct evidence of the presence of mines/ERW.
General mine action assessment (GMAA)
This is a continuous process, which aims
• to assess the scale and impact of the landmine problem on the country and individual communities;
• to investigate all reported and/or suspected areas of mine or UXO contamination, quantities and types of explosive hazards and
• to collect general information such as the security situation, terrain, soil characteristics, climate, routes, infrastructure and local support facilities, and to assist the planning of future mine action projects.
The information gathered during the general mine action assessment (GMAA) process should be sufficient to enable priorities to be established or updated and plans to be developed.
Impact survey, technical survey and post-clearance completion activities are still functional areas of the overall GMAA and new and existing programmes are still requested to make a GMAA if they follow IMAS.
What is a mine?
A mine is basically an explosive trap that is victim-activated. Its main danger comes from the fact that it might be activated by civilians many years, if not decades, after its main reasons to have been used in the first place have disappeared.
Mines have usually three main components: the explosive, the casing and the fuzing mechanism. Many sensors used to look for mines that actually detect the casing. Metal detectors detect the metallic parts of a mine that could be in the casing or in the fuzing mechanism. Dogs, on the other hand, detect the explosive. More information on anti-personnel mines, fragmentation mines and blast mines is provided in Chapter 8.
Land-release process
The land-release process and the related vocabulary are defined in Section 2 and described in Figure 1 (adapted from Ref. [5] ). The process aims at bringing back to the population the land which should be if not "Mine-Free" as requested by the Treaty of Ottawa, at least "Mine-Safe" [6] . In this section, the specific terms are put in light by explaining the whole process.
The removal and destruction of landmines and ERW are relatively straightforward once the location has been clearly identified. The main problem is to precisely define this location. In a study on landmine impact survey, it has been shown that roughly half of the areas identified by the survey is not affected by mines [7] , leading to a bad connotation to the term "Land Impact Survey", which has been abandoned since. Usually a mine action centre has only imprecise or incomplete information about these locations. This information may be derived from a database of accidents, or military records or is collected from surveys and discussions with the local population. This broad area with unclear boundaries is called "suspected hazardous area" (SHA). Clearing it would take much time, effort and resources. Indeed, clearing an area requires to prepare the land, that is, to cut the vegetation, divide the areas into smaller areas, use detection tools over each of them, excavate and dispose of suspected objects either on the site or in remote areas, which also means to transport them. If the area is not densely contaminated, the cost per square metre cleared can be huge and, paradoxically, the security of deminers less guaranteed: if they work for a long time in mine-free areas, they become less vigilant and accidents may be more frequent. Therefore, the whole SHA is usually not considered for clearance.
Non-technical survey (NTS) aims at providing a more precise border and prioritising the areas. During this process, where there is no evidence of ERW, parts of the SHA are excluded and labelled as "cancelled land". The areas that are still suspicious have more precise borders; they are called "confirmed hazardous areas" (CHA). These areas are then considered for technical survey (TS). The parts of CHA where there is no evidence of contamination are referred as "reduced land", while the remaining parts are cleared.
Mine contamination
Introduction
The magnitude of the mine problem is often expressed in terms of the number of mines that are still buried, the number of victims of mines, the area that is contaminated by mines and the area that is suspected to be contaminated by mines. Various estimates for these figures have been given throughout the years.
The early estimate of 110 million buried mines was shown to be wrong in 1998 [8] by its own authors. Moreover, the number of mines is no longer considered as a relevant indicator of the scope of the mine problem.
The estimate used in 1993-1997 was about 25,000 casualties every year. 1 The more recent estimate, from Landmine Monitor 2015 [9] , is about 4000 every year, although this figure is expected to be underestimated. It includes casualties of mines, victim-activated-improvised explosive devices, cluster munition remnants and other explosive remnants of war.
To our knowledge, there is no global estimate currently available about the area suspected to be mined. Land Mine Monitor 2015 writes that it is not even possible to provide such an estimate. It lists nine countries and one other area where the mine contamination is expected to exceed 100 km 2 : Afghanistan, Angola, Azerbaijan, Bosnia and Herzegovina, Cambodia, Chad, Croatia, Thailand, Turkey and Western Sahara.
We propose here a summary of the history of the estimation of the mine problem over the years. It shows the difficulty to estimate the scale of the problem and the evolution in both the estimation and the criteria to be estimated to describe the mine contamination.
Montreux symposium on anti-personnel mines, April 1993
The Montreux symposium on anti-personnel mines was organised by the International Committee of the Red Cross (ICRC) to collect information to coordinate action on mine action. In its report of the results of the symposium [10] , ICRC estimated that 800 people worldwide die from mines each month. Moreover, it estimated that it would take 4300 years to clear Afghanistan of landmines.
Some people have reported that the Director of the United Nations Development programme stated at this symposium that the number of mines still in the ground was around 100,000 with another 100,000 mines in stockpiles.
US Department of state's first landmine report, September 1993
According to Hidden Killers 1994: The Global Landmine Crisis ( [11] see below), "The Department of State's first landmine report, issued in September 1993, indicated that the total number of uncleared landmines in the world was between 65 and 110 million, scattered through 62 countries".
Hidden Killers 1994: The Global Landmine Crisis
Hidden Killers 1994: The Global Landmine Crisis [11] is a report to the U.S. Congress on the problem with uncleared landmines and the United States strategy for demining and landmine control prepared by the Office of International Security and Peacekeeping Operations and released on 27 January 1995.
The report states that the global landmine problem cannot be quantified with precision. It nevertheless estimates that there were between 80 and 110 millions of landmines. The report concludes: "The U.S. Government considers the figures in this report to be rough estimates at best".
As for the number of mine victims, the report states: "The three nations with the largest landmine problem are Afghanistan, Angola, and Cambodia. Collectively, they are besieged by an estimated 28 million mines and suffer 22,000 casualties every year (85 percent of the world's total)". This leads to a world's total of some 26,000 casualties every year or 2200 every month. This figure includes deaths and injuries.
United Nations Mine Clearance and Policy Unit, Department of Humanitarian Affairs, September 1997
In September 1997, the UN Department of Humanitarian Affairs gave the estimation of 110 millions of mines and added that 2000 people were killed or maimed by mine explosions every month. They also added that it would take more than 1100 years to clear the entire world of mines [12] .
from Hidden Killers 1994: The Global Landmine Crisis or if they reached their conclusions independently.
Hidden Killers 1998
Hidden Killers: The Global landmine Crisis 1998 [9] was released in September 1998 by the U. S. Department of State, Bureau of Political-Military Affairs, Office of Humanitarian Demining Programs, Washington, DC.
New estimates of the number of uncleared landmines are in the range of 60-70 million.
Landmine Monitor Report 1999
Landmine Monitor 2 is an "initiative by the International Campaign to Ban Landmines (ICBL)
to monitor implementation of and compliance with the 1997 Mine Ban Treaty, and more generally to assess the efforts of the international community to resolve the landmines crisis".
Landmine Monitor released its first report in 1999 [13] . About the estimates from 1993 to 1997, the report warns that previous estimates were repeated and reprinted so many times that they became 'reality'.
The report states that for mine action the sizes of areas affected by mines are a better indicator of the problem than the number of mines in the ground. But they still reprinted the estimates from the U.S. State Department's 1998 report, Hidden Killers.
Landmine Monitor Report 2015
Landmine Monitor Report 2015 [9] is currently the latest release of the Landmine Monitor Report. It considers that early estimates were inaccurate due to a lack of data.
The report gives the following information about the mine contamination:
It gives a list by expected magnitude of contamination. Nine countries and one other area have a mine contamination expected to exceed 100 km 2 : Afghanistan, Angola, Azerbaijan, Bosnia and Herzegovina, Cambodia, Chad, Croatia, Thailand, Turkey and Western Sahara.
In 2014, more than 3500 casualties were recorded. The incidence rate is 10 casualties per day for 2014.
The report, however, warns: "In many states and areas, numerous casualties go unrecorded, especially in conflict settings; therefore, the true casualty figure is anticipated to be much higher".
Formalising the problem
The next two subsections have been partly published in Refs. [14, 15] ( © 2007 EAGE Publications, The Netherlands); content from the latter is reproduced with kind permission from EAGE.
Formalising close-in detection
In the context of humanitarian demining, detection refers to the discovery of the presence of mines or unexploded remnants of war (ERW) [2] . Below, "close-in detection" refers to the discovery at short range of the presence of mines or unexploded ordnances. Typical examples of close-in detectors include manual prodders, metal detectors, ground-penetrating radars, and so on. Most of them emit an alarm close to a suspect object. In order to understand the incurred risks, let us consider the event A: "occurrence of an alarm" in a given position x =( x,y). Clearly, this event depends on the detection system used and especially on the field reality. Further, let us define the following events M: "the presence of mines" and M "the absence of mine" which both are contradictory. Then, the alarm occurrence probability p A (x) in a location x =( x,y) is given by
which clearly explains the importance of the parameters describing the mine detection problem, that is, the detection probability and the false alarm probability:
• The mine occurrence probability in a given position x of a minefield, p M ðxÞ¼1 À p M ðxÞ expresses the local mine density of that minefield. It is impossible to control this parameter which depends on the field reality. Nevertheless, this parameter is very important for assessing the probability of an alarm in a given location x of the minefield.
• The detection probability, p A=M ðxÞ is the probability of having an alarm in a given position x of a minefield for a given sensor system, if there is at least one mine in that position. This probability gives an indirect measure of the non-detection probability of that sensor system as well.
• The probability of false alarm, p A=M ðxÞ also called false alarm rate, is the probability of having an alarm, for a given sensor system, in a given location x if there is no mine in that location.
The two latter definitions are extremely important to understand the mine action problem and to design mine clearance systems. Note that a more precise expression for Eq. (1) should in particular take into account additional factors such as a sensor sensitivity area around the mine, but this is out of the scope of this summary.
The detection probability p A=M ðxÞ should be as close as possible to one. Evaluating the detection probability also amounts to evaluating the risk p A=M ðxÞ of the occurrence of a mine that is not detected, since p A=M ðxÞ¼1 À p A=M ðxÞ. This risk is linked to human safety and is therefore of the utmost importance. It is an absolute requirement that a mine clearance system should decrease the probability of such a risk to the lowest upper bound possible.
As a matter of fact, it is imperative to evaluate the detection probability when optimising the performances of a system. However, the detection probability p A=M ðxÞ, as defined above, assumes that a mine is present in the considered position x. During organised trials, the position of the mines is well known, so the condition of the presence of a mine in the given position x, where the performances of a system must be evaluated, is always fulfilled. This is of particular importance because it justifies the organisation of trials and the construction of models, to be validated by trials, in order to evaluate the detection probabilities. It also justified the implementation of test and evaluation organisations for mine action technologies such as the International Test & Evaluation Programme (ITEP). 3 A demining method, which minimises the false alarm rate p A=M ðxÞ leads to an acceleration of the demining operations. All other things being equal, a faster demining results indirectly in spending less money and reducing the risk that human being entered a mined area.
Therefore, any demining operation enhancement must result in the highest possible detection probability p A=M ðxÞ (close to one) and in the smallest possible false alarm rate p A=M ðxÞ, while keeping the price reasonably low. Unfortunately, increasing the detection probability generally results in increasing the false alarm rate. The most efficient way for increasing the detection probability while minimising the false alarm rate consists in using several complementary sensors in parallel and in fusing the information collected by these sensors.
Let us first consider the case of the detection probability. If the event A: "absence of an alarm", means the event A 1 A 2 A 3 …A N : "absence of an alarm for all sensors and associated signal processing". Then, the overall detection probability is described by
The latter expression shows that the detection probability increases with the number of sensors. This justifies the use of several sensors to increase the detection probability. Moreover, if the events A 1 , A 2 , …, A N are statistically independent,
In this case, maximising the overall detection probability p A=M ðxÞ of a set of sensors, acting independently, clearly amounts to the same as maximising the detection capabilities of each sensor individually (e.g. p A=M ðxÞ¼1 À p A k =M ðxÞ for the k th sensor), by optimising separately the design of each sensor and its associated signal processing.
Let us analyse the probability of false alarm in more detail. Current sensor systems (e.g. metal detectors) are affected by their high false alarm rate (p A=M ðxÞ), that is, the probability of having an alarm if there is no mine (e.g. metallic garbage detected with a metal detector), making demining operations slow, tedious and demanding many resources. Unfortunately, the use of a set of different sensors without associated data fusion techniques will dramatically decrease efficiency. Indeed, the probability of false alarm can be expressed as
The latter expression shows that the probability of false alarm increases if the number of sensors increases. Further, if the events A 1 , A 2 , …, A N are independent, we can write
In this case, minimising the overall false alarm rate p A/M (x) of a set of sensors, acting independently, clearly amounts to the same as minimising the false alarm rate of each sensor individually (e.g. p A k =M ðxÞ¼1 À p A k =M ðxÞ for the k th sensor), by optimising, separately, the design of each sensor and its associated signal processing.
Since most sensors used for mine detection are, actually, anomaly detectors (detector of metal, of the difference in dielectrical permittivity, etc.), it is very difficult to estimate the risk of false alarm as it is especially difficult to define, in a general way, what is not a mine. The problem of estimating the false alarm risk becomes even more complex when data coming from different sensors are fused, which favours the manual or automatic cancellation of false alarms. In this context, it should be particularly inappropriate that a demining system, whatever it may be, makes a decision instead of the final user whose own safety is involved. Therefore, a welldesigned system should help the user in the decision-making, not by replacing him, but by implementing efficient data fusion methods. To make the process more feasible and accurate, methods, which are able to deal with uncertainty by making proposals including the doubt to the user, as a Dempster-Shafer framework does, prove to be promising (see Chapter 4).
Formalising area reduction
Area reduction is an important challenge consisting of finding where the mines are not. Minesuspected area reduction, recognised by the mine action community as a mine action activity at least as crucial as close-in detection, enables to reduce mine clearance time and resources.
Mine-suspected area reduction means finding the set of positions x for which p M ðxÞ equals zero. Under this condition, Eq. (1) yields
and mine-suspected area reduction with classic tools (e.g. metal detectors) is affected by the high false alarm rate (p A=M ðxÞ) of current sensors, making the corresponding operations slow, tedious and resource demanding. Further, long-term empirical data from the Croatian Mine Action Centre (CROMAC) show that around 10-15% of the suspected area in Croatia is actually mined. The minefield records alone, beyond the fact that they are not always reliable and complete, do not contain enough information for the proper allocation of limited mine clearance resources to really mined areas. Decision-makers need additional information.
This means that a broader approach is needed, which has to include a priori knowledge. Indeed, if no a priori knowledge is available about context as conflict history, strategies and tactics of the parties, communication networks, terrain configuration, power lines, land use, and so on, the a priori probability of having a mine in a given location is distributed uniformly and the only method to clear mines is the classic close-in detection p M ðxÞ. to detect them. One of the most appropriate methods to build a risk map is associating airborne and satellite data, with context and ground truth data collected during field campaigns (see Chapters 5, 6 and 9) . Analysing the collected data with modern remote-sensing tools, such as land use classification, anomaly detection and change detection, considered as experts, and fusing the "opinions" of those experts enable to produce the so-called risk or danger maps. The main advantage of airborne methods rests in the possibility to reduce areas located in regions that cannot be accessed without very costly safe lanes and full safety procedures that are mandatory when entering the minefields. Further, the assessment of areas for reduction and assessment of spatial danger distribution can be performed in short time over large areas.
In the context of mine action, a frequently asked question is the possibility of directly detecting mines using high-resolution airborne sensors. As part of their policy to assist developing countries, the European Commission (the former DG-VIII) and the participating member states have funded in 1997 a "Pilot project on airborne minefield detection in Mozambique" which has clearly shown that it is impossible to find reliably anti-personnel landmines even with a very high-resolution (order of magnitude of a few millimetres) airborne sensors neither using objective signal-processing tools nor using subjective photointerpretation.
In summary, instead of addressing the mine detection it is suggested to address "Indicators of Mine Presence" and "Indicators of Mine Absence" (see Chapters 5 and 6).
Formalising current dual sensors
There are now several dual sensors combining metal detectors and ground-penetrating radars: AN/PSS-14 (formerly known as HSTAMIDS), VMR3 and VMR3G (MINEHOUD) and ALIS. Although these systems could theoretically be used to detect plastic mines, the ground-penetrating radar is usually used to confirm, or not, an alarm from the metal detector.
Let p A MD =M ðxÞ be the probability that the metal detector gives an alarm at location x if there is no mine and p A GPR =M ðxÞ the probability that the ground-penetrating radar gives an alarm at location x if there is no mine.
The probability that a dual sensor as those cited above gives a false alarm at location is therefore
We can see that if the probability of false alarm of the ground-penetrating radar p A GPR =M ðxÞ is low then the probability of false alarm of the dual sensor is reduced compared to the usually high probability of false alarm of a metal detector. This is the main advantage of these dual sensors.
This advantage, however, does not come without a drawback. The probability that the dual sensor gives an alarm at location x when there is a mine is
We can see that in this condition, the detection rate of the dual sensor cannot be higher that the detection of the metal detector alone. Therefore, the ground-penetrating radar used as a confirmation sensor can only reduce the probability of detection. It is therefore paramount that the radar does not miss any mine detected by the metal detector.
Overview of RMA research in mine action
RMA research in mine action has been mainly focused on the "Demining" pillar except for the TIRAMISU project (see www.fp7-tiramisu.eu/and Chapters 5, 6, 8 and 9) coordinated by RMA, where the aim was to develop tools for pillars 1, 2 and 4.
In the late 1990s, the Royal Military Academy coordinated a Belgian research programme, called HUDEM for Humanitarian Demining, where many Belgian universities worked together to improve the detection of landmines by developing many technologies. This led to a project called HOPE co-funded by the European Commission which developed a prototype for a multi-sensor handheld mine detector. The research on detection continued in the late 2000s with the Belgian programme BEMAT for Belgian Mine Action Technologies.
In parallel, work was done to help non-technical surveybyusingremotesensing.Itstatedinthelate 1990s by a project co-funded by the European Commission to detect mines by airborne surveys. In the 2000s, the focus moved to detect indirect indicators of the presence or absence of mines by remote sensing, which was implemented in the SMART project co-funded by the European Commission.
The investigation of the use of information management system could be carried out with the programme PARADIS, which is described in more detail subsequently.
The Robotics Department of the Royal Military Academy also investigated the use of robots for demining in the CLAWAR and VIEWFINDER programmes, both co-funded by the European Commission.
The Royal Military Academy was also the representative of Belgium to the International Test and Evaluation Program for Humanitarian Demining (ITEP) during the 10 years of its duration, from 2000 to 2010.
All these research activities later gave birth to the TIRAMISU programme, co-funded by the European Commission, which, together with the SPRINT programme, deepened and extended the experience gather in the last 15 years or so.
During these years, 10 phD thesis have been produced by researchers working at the Royal Military Academy in partnership with European schools or universities, and in particular, the first thesis delivered by the Royal Military Academy in 2006.
Below, the research projects are listed; the funding source and the time frame are put in parenthesis; the other collaborating partners (if any), and the objectives of the research and the references to the chapters are also provided. The list of PhD thesis is also provided afterwards. activities, is presented in Chapter "PARADIS: Information Management for Mine Action" with a focus on the data needed for the planning of humanitarian demining campaigns. Protective Equipment used for Clearance is addressed in Chapter "Assessing the Performance of Personal Protective Equipment". Vehicles presented in Chapter "Unmanned Ground and Aerial robots for Mine Action" are designed for Non-Technical and Technical Survey. Sea-Mines are addressed in Chapter "The Special Case of Sea-mines". Finally, the Chapter "Testing and evaluating results of research in mine action" summarises the involvement of RMA in Tests and Evaluation. This large scope shows that the focus of RMA research has not been limited to the detection of buried mines, another critic often addressed to the Mine Action Research Community [17] .
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